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arity (the ability not to move the thumb when it should not be moved) (Hager-Ross and Schieber 2000) , was preserved, even though the ability to create individuated thumb movement was impaired (Raghavan et al. 2006b ). Additionally, our efforts to evoke a reflex response through stretch of the muscles crossing the thumb metacarpophalangeal (MCP) joint failed to demonstrate a spastic response (Towles et al. 2010) . Also, the asymmetry in force deficits between flexion and extension in the thumb (Triandafilou et al. 2011) was less than what we observed in the index finger (Cruz et al. 2005 ).
Yet abnormal coupling between proximal arm muscle activity and thumb flexors has been reported (Miller and Dewald 2012) . Thus the motoneurons for the thumb flexors could be unusually influenced by activity in other motoneurons after stroke. Indeed, reciprocal inhibition has been shown to be diminished to the point where even reciprocal excitation has been observed after stroke (Bhagchandani and Schindler-Ivens 2012) .
Previously, our laboratory observed strong neurological coupling between the distal and proximal upper extremity in stroke survivors. Evocation of a spastic reflex response in the finger flexors through imposed rotation of the finger joints resulted in reflex activation of unstretched proximal muscles such as brachioradilis and pectoralis major (Hoffmann et al. 2009 ). Furthermore, cutaneous stimulation over the biceps brachii affected the magnitude of the spastic reflex. Posture of the proximal upper limb impacted voluntary grasp force as well (Hoffmann et al. 2011) . Indeed, force enslavement, in which unintended force generation occurs in certain body segments when voluntary force is created in others, has been shown to increase in the fingers following stroke (Li et al. 2003) . The thumb, however, was not assessed.
Thus the goal of this study was to examine whether coupling between flexors in the index finger and thumb could contribute to the undesired thumb flexion seen in stroke survivors. Fingerthumb interactions were examined in the context of both active isometric force generation and passive movement. Namely, the possibility of spastic reflex connections between the thumb and finger was explored by providing a stretch to the finger flexor muscles and recording the corresponding thumb response. Coactivation among finger and thumb muscles was examined by asking the subjects to independently generate isometric forces with either the fingers or thumb. We hypothesized that reflexive coupling between finger and thumb muscles would be limited after stroke, as minimal spastic response could be elicited in thumb muscles in response to stretch of the muscles themselves (Towles et al. 2010) . We also hypothesized, however, that substantial force/torque coupling would be apparent during finger and thumb flexion, but not extension, in stroke survivors. Thus excitation of finger flexors would contribute to the undesired thumb flexion seen after stroke.
MATERIALS AND METHODS
Subjects participated in two sets of trials examining finger-thumb interactions. The first set of trials examined responses of both the fingers and thumb to an applied stretch of the finger flexors. The second set of trials examined the ability of subjects to independently generate finger and thumb forces.
Subjects. A total of 27 male subjects completed the study. Written, informed consent was obtained from all subjects, and all procedures were approved by the Institutional Review Boards of Northwestern University and the Edward Hines, Jr. VA Hospital. Subjects were evenly distributed among three groups: one with severe chronic hand impairment subsequent to stroke, one with moderate hand impairment, and a control group with no known neuromuscular impairment. The level of hand impairment was evaluated using the Stage of Hand section of the Chedoke-McMaster Stroke Assessment Scale (Gowland et al. 1995) . Subjects rated at Stage 2 or 3 on this scale (Stage 1 represents the greatest impairment and Stage 7 the least/no impairment) were categorized as having severe hand impairment, while subjects rated at Stage 4 or 5 were rated as having moderate hand impairment. All stroke subjects were considered to be in the chronic stage of recovery, as each had experienced a stroke at least 9 mo prior to participation in this study. Subject age ranged from 38 to 80 yr (see Table 1 for a summary of group data).
Protocol. For both sets of experiments, the subject was seated with the forearm supported such that elbow flexion was roughly 90°. The wrist angle was maintained in a neutral posture of flexion/extension and ulnar/radial deviation by a fiberglass cast secured around the wrist. This cast was clamped to the tabletop to prevent forearm displacement and pronation/supination from a neutral posture (see Fig. 1 ). The thumb was secured to a 6 degree-of-freedom load cell (model no. 20E12A-I25, JR3, Woodland, CA) to measure threedimensional thumb forces (Triandafilou et al. 2011) . The fingers were secured within a custom fixture such that the MCP joints of the four fingers were aligned with the shaft of a servomotor (Kolmorgen, PMI Motion Technologies, Radford, VA). Thus rotation of the servomotor produced equivalent rotation of the MCP joints (Kamper et al. 2006) . A torque cell (Transducer Techniques, Temecula, CA), optical encoder (PMI), and tachometer (PMI) connected to the servomotor measured the torque, rotation, and rotational velocity of the MCP joints, respectively.
Electromyographic (EMG) recordings of five muscles of the digits were also recorded. Two major extrinsic muscles of the finger, flexor digitorum superficialis (FDS) and extensor digitorum communis (EDC) were targeted with surface electrodes (Bagnoli, Delsys, Boston, MA), as was one of the intrinsic muscles of the thumb, abductor pollicis brevis (APB). Intramuscular electrodes were used to record from two extrinsic thumb muscles, flexor pollicis longus (FPL) and extensor pollicis brevis (EPB). A pair of 55-m stainless steel wires was inserted into each muscle with a 27-gauge, 1.25-in. hypodermic needle. Needle insertion was guided by audio feedback during muscle contraction. Once the electrodes were correctly positioned, the needle was removed, leaving behind the electrodes. Proper placement was confirmed by obtaining the desired thumb movement in response to electrical stimulation (Digitimer Constant Current Nerve Stimulator model DS7A, Digitimer) of the muscle.
Imposed stretch. The first set of experiments involved imposed stretch of the flexor muscles of the fingers. Constant-velocity rotation of the MCP joints of the four fingers was created through controlled rotation of the servomotor, as has been described previously (Kamper et al. 2006; Kamper and Rymer 2000) . Briefly, the range of MCP displacement was set to the middle 75% of the angular displacement between the MCP flexion and extension limits in the device. The MCP joints were rotated from a flexed posture to an extended posture, with an average displacement of 50°across subjects. Rotational velocity was increased to the desired velocity over the first 10% of the movement and reduced back to zero during the final 10% of the movement. The target velocity was set to either 10°/s or 300°/s, with random variation from trial to trial.
Isometric force generation. In the second experiment, subjects attempted to generate voluntary force with either the fingers or thumb independently. The following four conditions were tested: thumb flexion, thumb extension, finger flexion, and finger extension. Subjects were instructed to create maximal force/moment in the intended direction with the "instructed" digit(s) while minimizing force production with the other, "noninstructed" digit(s). In accordance with studies examining force enslavement (Li et al. 2003; Yu et al. 2010) , no visual feedback of the forces of the uninstructed digits was provided. Subjects had completed trials in which they were directed to generate thumb forces in 6 different directions (Triandafilou et al. 2011) , so they were experienced in generating thumb forces in the prescribed directions.
Analysis. The MCP joint torque and EMG data were low-pass filtered at 125 Hz and 225 Hz, respectively, with a 4th-order Butterworth filter prior to sampling at 1 kHz. The MCP joint torque data were then low-pass filtered forwards and backwards with a 30th-order finite impulse response filter having a cut-off frequency of 10 Hz. EMG data were rectified and low-pass filtered forwards and backwards at 25 Hz using a 30th-order finite impulse response filter, thereby creating activation envelopes that were normalized to the maximum voluntary envelope value produced by that muscle for that subject during the entire experimental session.
For the data recorded during imposed stretch, the reflex MCP joint torque was first estimated by subtracting the torque recorded during the slow (10°/s) imposed MCP rotation from that recorded during the Values are means Ϯ SD. NA, nonapplicable. Fig. 1 . Experimental setup. The wrist and forearm were secured within a fiberglass cast, which was subsequently clamped to the tabletop. The thumb tip was connected to a 6 degrees of freedom load cell, while the fingers were connected to a servomotor which controlled rotation of the metacarpophalangeal (MCP) joints (Triandafilou et al. 2011) . FINGER-THUMB COUPLING POSTSTROKE fast (300°/s) rotation. Similarly, the EMG and thumb force data recorded during the slow stretches were subtracted from the data from the fast stretches, and the resulting data were used in subsequent analyses. Parametric statistical tests were initially performed, but violations of the normality assumption (Shapiro-Wilk test: P Ͻ 0.01) led to utilization of the nonparametric Kruskal-Wallis test. The impact of subject group (3 levels: severe impairment, moderate impairment, unimpaired) on reflex thumb force was computed for each of the three axes in the three-dimensional force space (flexion/extension, adduction/abduction, proximal/distal). Findings of significance led to further pairwise comparisons. The nonparametric Kruskal-Wallis test was also employed on the EMG data to determine the impact of subject group on reflex muscle activation for FPL, APB, and EPB.
For the voluntary isometric trials, peak thumb force/MCP torque in the intended direction (flexion or extension) was first determined. Subsequently, the resultant thumb force and MCP joint torque were averaged across a 200-ms window centered in time at this peak value. EMG activity associated with each action was found by averaging the normalized envelopes across a 200-ms window beginning 50 ms prior to the window used for the force/torque calculations.
A nonparametric Kruskal-Wallis test was performed to compare unintended production of thumb forces during voluntary finger flexion and extension for each subject group. Another Kruskal-Wallis test was run to compare the finger torque generated during voluntary thumb flexion and extension for each subject group.
EMG activation patterns were further explored to examine the relationship between activations of pairs of muscles. First, the windowed EMG values were used to create correlation tables between muscle activations across the isometric force generation tasks. Then, cortical contributions to muscle coactivation were assessed by examining coherence between pairs of muscles across all trials for a given force direction (finger flexion, finger extension, thumb flexion, thumb extension). First, the signals recorded from each muscle group were concatenated for all trials containing the same intended force direction. The EMG data were band-pass filtered between 20 and 55 Hz. The intermuscular coherence between two EMG signals was calculated in MATLAB (Mathworks, Natick, MA), adapting a technique developed by Neurospec (www.neurospec.org) (Halliday et al. 1995) . The magnitude squared coherence, C AB (f), for a given frequency (f) is represented as:
where S AB (f) represents the cross-power spectrum of signals A and B, while S AA (f) and S BB (f) are the autospectra of A and B. At each given frequency, coherence varies between 0 and 1, such that 1 indicates the signals are identical and 0 signifies no correlation at that frequency. The coherence at a given frequency was considered significant if greater than the 95% confidence interval:
where L is the total number of segments used to calculate the coherence (Rosenberg et al. 1989 ) and ␣ ϭ 0.05 for 95% significance. Analysis focused on the 24-to 40-Hz frequency band and was completed using segments with a length of 2,048 samples, providing a frequency resolution of ϳ0.98 Hz. It is believed that coherence between two EMG signals within the 24-to 40-Hz band is likely mediated by common supraspinal inputs (Brown and Marsden 2001; Norton and Gorassini 2006) . The integral of the coherence lying above the 95% significance within the cortical band was computed for comparison between pairs of muscles and each intended movement direction. Therefore, a higher value for the integral corresponds with increased common supraspinal drive to the given muscle pair.
RESULTS
For the trials of imposed stretch, the fast (300°/s) rotation of the MCP joints routinely produced a spastic stretch reflex in the flexor muscles of the index finger across stroke subjects (P Ͻ 0.01), but not in neurologically intact control subjects (P Ͼ 0.6). The mean peak reflex torque (standard deviation) for each of the three groups was as follows: 0.35 (0.42) N·m in severely-impaired subjects, 0.50 (0.66) N·m in moderately-impaired subjects, and 0.01 (0.04) N·m in control subjects. FDS reflex activity confirmed the presence of a spastic reflex with an increase in FDS EMG activity during the stretch of 14.4% (17.3%) of the maximum contraction (MC) in stroke survivors with severe hand impairment, 5.7% (6.2%) in stroke survivors with moderate hand impairment, and 0.2% (0.2%) in control subjects.
Stretch of the flexors of the index finger muscles also produced reflex activation in thumb muscles (Fig. 2) . The Kruskal-Wallis test showed that reflex thumb flexion force (P ϭ 0.003) and thumb adduction force (P ϭ 0.018) were different across subject groups, with subjects in the severe group generating more flexion (P ϭ 0.001) and more adduction (P ϭ 0.012) force than subjects in the control group, while subjects in the moderate group created more thumb adduction force than control subjects (P ϭ 0.024). The change in thumb flexion force between the slow and fast finger stretches was equal to 1.5 (1.0) N for severely impaired subjects; the difference was 0.1 (0.4) N of extension force in control subjects (see Fig. 3 ), despite the fact that maximum voluntary thumb flexion was five times greater in control subjects. Reflex thumb adduction force was 2.6 (2.2) N in severely impaired subjects, but only 0.3 (0.2) N in control subjects. The groups showed no significant differences in proximal/distal thumb force.
Imposed MCP rotation of the fingers also produced increases in reflex activity of specific thumb muscles (Fig. 4) . Namely, normalized reflex activation of FPL significantly increased across groups to 17% of MC in severely impaired and 7% of MC in moderately impaired subjects, while changing less than 1% of MC in control subjects (P ϭ 0.012). In contrast, APB EMG increased by only 1% of MC, and EPB by less than 1% of MC, for both groups of stroke survivors. For the severely impaired subjects, the reflex amplitudes of FDS and FPL were highly correlated (r ϭ 0.70), while FDS and APB (r ϭ 0.23) and FDS and EPB (r ϭ Ϫ0.18) were not.
The latency between the initiation of stretch (not necessarily the initiation of the reflex response) and the onset of muscle activation was 67 (38) ms for FDS in subjects with severe hand impairment and 92 (63) ms for subjects with moderate hand impairment. The latency for FPL onset in these same subjects was 71 (38) ms and 83 (53) ms, respectively. There was no significant difference between the FDS and FPL latencies for either group (t-test: P ϭ 0.91 and P ϭ 0.33, respectively).
The experimental trials of voluntary, isometric force production showed signs of asymmetry in the finger-thumb coupling evident during voluntary flexion compared with voluntary extension following stroke. The resultant uninstructed thumb tip force was greater during voluntary production of MCP flexion torque than production of MCP extension torque for the severe (P ϭ 0.015) and moderate (P ϭ 0.038) groups, but not for the control group (P ϭ 0.402) (Fig. 5) . Specifically, during finger flexion, stroke subjects with severe impairment created substantial thumb forces in flexion and adduction (5.3 N and 5.1 N, or 80% and almost 100% of MC, respectively), while little thumb force was generated during voluntary finger extension (0.5 N and 0.5 N, respectively). Moderately impaired subjects also produced much greater flexion/extension and adduction/abduction forces during finger flexion (37% and 64% of MC, respectively), than during finger extension (12% and 6% of MC, respectively). The control subjects also produced force in the noninstructed digit (the thumb), but the forces produced during finger flexion and during finger extension were quite similar.
Similarly, during voluntary thumb flexion, stroke subjects generated substantial flexion torque in the noninstructed digits, the fingers. Again, in contrast, little finger torque was created during voluntary thumb extension (Fig. 6) . The magnitude of the finger torque produced during voluntary thumb flexion was 0.60 (0.68) N·m, but only 0.10 (0.21) N·m during thumb extension in severely impaired subjects (P ϭ 0.024). Moderately impaired subjects generated 0.85 (1.14) N·m of finger flexion torque during thumb flexion, but only 0.15 (0.64) N·m of finger extension torque during thumb extension (P ϭ 0.019). Control subjects created limited finger torque during either thumb flexion or extension [0.07 (0.15) N·m of flexion torque and 0.11 (0.18) N·m of extension torque during thumb flexion and extension, respectively, P ϭ 0.102].
Relationships between muscle activations were explored within and across the tasks using correlation analysis for the mean magnitudes of the EMG windows. The strongest correlations were seen in the group of subjects with severe hand impairment. For the severely impaired subjects, the strongest correlation in activation levels across all four tasks was obtained for FDS and FPL (r ϭ 0.83, P Ͻ 0.001). For this group, the EDC-FPL (0.48, P ϭ 0.003) and EDC-FDS (r ϭ 0.50, P ϭ 0.002) correlations were also highly significant. The FDS-FPL correlations for the moderately impaired (r ϭ 0.29) and control (r ϭ 0.39) groups were much lower, as were the EDC-FPL (moderately impaired: r ϭ 0.28; control: r ϭ Ϫ0.31) and EDC-FDS (moderately impaired: r ϭ Ϫ0.14; control: r ϭ Ϫ0.17) correlations. The patterns were even more pronounced for the finger flexion and thumb flexion tasks. Across subjects with severe hand impairment, FDS-FPL correlation reached 0.94 during thumb flexion and 0.72 during finger flexion (Table 2) . EDC-FPL correlations were also strong, 0.70 and 0.77, respectively.
Despite the strong FDS-FPL correlation in activation level in severely impaired subjects, cortical coherence between FDS and FPL was almost entirely absent in these subjects, as was the case for all of the subject groups (Fig. 7) . For the frequency range examined (24 -40 Hz), coherence between FDS and FPL during finger flexion and thumb flexion was lower than that for any other pair of muscles. FDS and FPL coherence was actually higher during thumb extension than during the flexion tasks. In contrast, very strong coherence was present between the thumb muscles APB and EPB in the subjects with severe hand impairment during thumb flexion and finger extension. Substantial coherence was also observed in control subjects for EDC-FDS activation during finger extension. Fig. 2 . Example of finger MCP rotation evoking both a stretch reflex in flexor digitorum superficialis (FDS) and reflex activity in flexor pollicis longus (FPL) in a stroke survivor. Finger MCP joints were extended 50°(first graph) at 300°/s. Raw finger MCP flexion torque (second graph) and the reflex FDS activity (third graph) evoked by the stretch are shown. The finger stretch also produced thumb force (fourth graph) and corresponding reflex FPL activity (fifth graph).
DISCUSSION
Sensorimotor control of the finger and of the thumb needs to be highly coordinated and yet still permit independent action for proper hand function. During a pinching task, for example, the fingers must respond to a change in thumb force or direction and vice versa. Conversely, while texting, the thumb must move freely while the fingers maintain grasp of the phone. Unfortunately, this precise control is often impaired Fig. 3 . Box plot of reflex thumb forces generated during imposed finger MCP extension. Positive force values denote adduction (ADD), flexion (FLX), and proximal (PRX) forces, while negative forces denote abduction (ABD), extension (EXT), and distal (DST) forces. Flexion and adduction forces exhibited significant differences across groups (P Ͻ 0.02). Inset: pictorial representation of force directions at thumb tip. following stroke (Raghavan et al. 2010) , even with lacunar (Raghavan et al. 2006a) or small, purely motor infarcts (Wenzelburger et al. 2005) .
This study showed that neurological coupling, particularly between extrinsic finger and thumb flexors, contribute to this impairment in stroke survivors with chronic deficits. The coupling, however, does not appear to arise from common cortical drive.
Interdigit coactivation. A strong association between finger and thumb flexors was evident during voluntary activity in stroke survivors. While, in accordance with previous studies on force enslavement (Olafsdottir et al. 2005; Yu et al. 2010) , all three groups generated unwanted forces in the noninstructed digit(s), the stroke survivors displayed a striking asymmetry in their behavior. Forces in noninstructed digits were much greater during intended thumb flexion and intended finger flexion than during extension. Additionally, noninstructed forces were in the thumb flexion and adduction directions during finger flexion and in the finger flexion direction during thumb flexion. These force/torque directions suggest strong contributions from FPL, and possibly FPB (Towles et al. 2008) and FDS/FDP, respectively. In contrast, the neurologically intact subjects displayed similar amounts of force in noninstructed digits during flexion and extension. Unintended thumb forces were predominantly in the distal direction.
Indeed, correlations were very strong between FDS and FPL activities during intended generation of isolated finger flexion torque and thumb flexion force in stroke survivors, especially those with severe impairment. Thus stroke survivors with severe hand impairment typically activated these muscles together, even as the intent was to activate only the thumb or finger. While we hypothesized that common cortical drive, following the observed cortical reorganization that occurs after stroke (Yao and Dewald 2006), would contribute to this coupling, we did not see any evidence for this in the coherence data. The integral of significance of the coherence for the frequency band 24 -40 Hz was negligible for FPL-FDS during finger or thumb flexion. In fact, this was the only pair of muscles for which no significant coherence levels were observed for any of the groups across these tasks. In contrast, some FPL-FDS coherence was apparent during thumb extension. These results suggest limited common cortical drive. Rather, the observed flexor coupling appears to arise from other sources. Spinal reflex coupling. Results from the imposed stretch experiments suggest that spinally mediated coupling may be an important contributor to the unintended finger-thumb coactivation. Contrary to our hypothesis, we observed strong reflex coupling in the thumb in response to stretch of finger muscles. In accordance with our laboratory's previous studies (Kamper et al. 2006; Kamper and Rymer 2000) , imposed extension of the finger MCP joints typically led to a spastic stretch reflex in the finger flexors, as evidenced by an increase in flexion torque and FDS EMG activity, in both groups of stroke survivors, but not in control subjects. This homonymous reflex in response to stretch of the finger muscles, though, was often accompanied by a corresponding reflex in certain thumb muscles, even though these muscles were not stretched. Significant reflex thumb flexion forces, and activation of FPL, were recorded in stroke survivors, especially in subjects with severe hand impairment. The reflex excitation was not uniform across thumb muscles tested, but was focused on FPL; EPB and APB activations were less than 1% MC. The long thumb flexor FPL is a primary contributor to flexion force generation at the thumb tip (Towles et al. 2008) . The substantial thumb adduction force which was also observed in response to imposed stretch of the finger flexors suggests possible activation of flexor pollicis brevis as well, although adductor pollicis and extensor pollicis longus could also be contributors (Towles et al. 2008) . Relative latencies of the FDS and FPL reflexes were very similar and statistically indistinguishable. As the initial spastic FDS reflex is thought to be spinal in origin (Lance 1980), the FPL activation is presumably spinally mediated as well.
While it is not known if the heteronymous thumb reflexes are pathological (under different conditions, eliciting a reflex in FDS may potentially produce a reflex in FPL in neurologically intact subjects as well), this reflex coupling was surprising, as a previous study our laboratory performed showed that direct stretch of the thumb muscles themselves typically failed to elicit a homonymous stretch reflex in stroke survivors (Towles et al. 2010) . It is not clear why the reflex pathway through the finger afferents would be stronger than the homonymous pathway from the thumb afferents, although loss of reciprocal inhibition has been documented following stroke (Artieda et al. 1991; Nakashima et al. 1989; Panizza et al. 1995) . In fact, reciprocal excitation has even been reported (Crone et al. 2003; Zhang et al. 2003) , along with increased facilitation of heteronymous pathways (Dyer et al. 2009; Li et al. 2003; Marque et al. 2001) .
Neurological correlates. Loss of inhibitory corticospinal pathways undoubtedly contributes to the reduced reciprocal inhibition and increased facilitation. Thus, while common cortical drive between FDS and FPL was not evident in the coherence analysis performed, cortical changes may have indirectly led to increased finger-thumb coupling. Diminished cortical inhibition after stroke has been thought to permit greater influence from brain stem pathways on motoneuronal excitability, especially the reticulospinal pathway (Miller and Dewald 2012) . Indeed, stimulation of the reticular formation in nonhuman primates has been shown to produce preferential facilitation of arm flexor, as opposed to extensor, muscles (Davidson and Buford 2004) . This flexion bias mirrors the greater hypertonicity and relative sparing of the finger flexors reported previously (Cruz et al. 2005; Kamper and Rymer 2001) and is evident in this study with the thumb flexor-finger flexor coupling. Thus the reticulospinal pathways may preferentially excite interneuronal pathways affecting flexors. Indeed, Rácz, et al. (2012) describe a competition for influence on hand muscle motoneurons between the corticospinal and reticulospinal pathways. Damage to corticospinal pathways after stroke may increase the influence of the reticulospinal pathway, resulting in greater co-excitation. Other researchers have suggested that the frequency band for coherence for the reticular formation is lower than the frequencies we were able to examine in this study (Grosse and Brown 2003) .
Potential limitations. Surface electrodes were used to record activation from FDS, EDC, and APB. While a number of studies have attempted to use surface electrodes to record simultaneously from both wrist and extrinsic finger muscles (Milner et al. 1995; Winges et al. 2008 ), cross talk is always a concern. In accordance with Werremeyer and Cole (1997), we positioned the electrodes for EDC and FDS as distally on the forearm as viable to limit signal contamination from the wrist muscles.
Sensation, as well as motor control, is often compromised after stroke. It is possible that reduced cutaneous sensation contributed to the forces and torques developed in the noninstructed digits in stroke survivors during voluntary force generation in the instructed digits. The stroke subjects may not have noticed that they were creating forces in unintended directions due to reduced sensation. It should be noted, however, that the stroke subjects generated significantly larger FDS, flexor digitorum superficialis; APB, abductor pollicis brevis; EPB, extensor pollicis brevis; FPL, flexor pollicis longus; EDC, extensor digitorum communis; S, severely impaired subjects; M, moderately impaired subjects; U, unimpaired subjects. FINGER-THUMB COUPLING POSTSTROKE unintended forces during flexion than during extension, and largely in the flexion/adduction directions. We would not expect sensation loss to be greater in these areas of the digits than in other areas.
We examined EMG-EMG coherence, which is not a direct measurement of cortical activity. While EMG-EMG coherence analysis can address direct cortico-motoneuronal pathways, it may fail to detect cortical influence on muscle activity which may arise through polysynaptic pathways, possibly caused by brain reorganization (Benecke et al. 1991) . Another study did find that EEG-EMG coherence is smaller for hand and forearm muscles on the paretic side of stroke survivors (Mima et al. 2001) , similar to the EMG-EMG coherence patterns we observed for several muscle pairs. Indeed, EMG-EMG coherence has been shown to be qualitatively similar to EEG-EMG coherence over the frequency ranges evaluated in the present study (see Grosse et al. 2002) . Other supraspinal pathways, however, may contribute as their primary frequency band may be lower than the one we examined (Grosse and Brown 2003) .
Implications. Coordinated movement of the thumb and fingers is one of the hallmarks of human motor control. While performing activities such as writing or carrying a cup of coffee, we rely on the precise interaction of the thumb and fingers to successfully complete the task. To grasp an object, thumb and finger forces must be balanced in both magnitude and direction (Latash and Zatsiorsky 2009; Parikh and Cole 2012) . Object transport further necessitates interdependence of fingertip and thumb tip forces as both must respond to disturbance forces associated with the moving object (Burstedt et al. 1999; Dumont et al. 2006; Gysin et al. 2008; Hejdukova et al. 2002) . Indeed, strong common cortical drive to the finger and thumb has been recorded during pinching tasks (Poston et al. 2010) , and multidigit reflexes can be beneficial, such as when a sudden extension perturbation of the fingers may require further flexion of the thumb to maintain a pinch grasp. Yet, despite this coupling, the capacity for individuated movement remains high, especially for the thumb, which has the greatest extent of independent movement of all the digits (Hager-Ross and Schieber 2000). Thus thumb-finger coordination is normally complex and modifiable (Racz et al. 2012) . Unfortunately, this ability to modulate coupling between the fingers and thumb appears to be compromised in stroke survivors with moderate to severe hand impairment and thus should be targeted for therapy. 
